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The NASA Contract NAS 4-367 Program w a s  i n i t i a t e d  for the purpose o f  

developing t o  prototype s t a tus  cer ta in  respiratory sensors and t o  test 

these sensors under various environmental conditions with human subJects. 

Under the Phase I efforts a prototype analyzer was assembled which u t i l i zed  

, P and temperature sensor and NASA 'CO2 T a Beckman Instmments, Inc. Po2, 

supplied mass flow meters. The prototype analyzer was k s t e d  at sea level 

and a t  25,000 feet i n  an al t i tude chamber with human subjects under three 

conditions of physical work output f o r  the purpose of evaluating response 

character is t ics  and accuracy of the prototype analyzer, and t o  detennine 

f e a s i b i l i t y  of the prototype device f o r  eventual airborne u t i l i za t ion .  
I 

The Phase I1 e f fo r t s  were i n i t i a t e d  primarily as a r e su l t  of several  

problems encountered during the Phase I ef for t s .  It was also desired tha t  

a thermodynamic analysis be performed t o  ver i fy  cer ta in  assumptions found 

necessary i n  order t o  use the equipment as it was being used, and to  process 

the data i n  order t o  obtain mass flowrate and i f  

oxygen consumption by the human subjects. 

possible, t o  de%ermine 

The principal work tasks were to-make a theoret ical  comparison of two 

competitive f lometers ,  establish the number of flowmeters required, verify 

the use of the perfect-gas l a w ,  specify requirements f o r  an isothermal 

system, and specify requirements t o  achieve the desired degree of measure- 

ment accuracy. These work tasks were modified In an e f f o r t  t o  determine 

oxygen consunption from the data taken during Phase I tests. 

resulted i n  an e r ro r  analysis which indicated the f u t i l i t y  of trying t o  

This e f fo r t  

determine oxygen consumption by the difference i n  mass flow of inspired 

and expired gases. 

1 
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Recommendations are lpade 88 t o  the w e  of indirect methods of ccloputing 

oxygen consumption and as to the direction that should be taken in the follow- 

on research studies. 

2 
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PHASE I WDRK EFFORTS 

The purpose of the  i n i t i a l  phase of work i n  NASA Contract IVAS 4-367 

was (as described i n  d e t a i l  i n  Reference 1) t o  provide data on new instru- 

mentation f o r  monitoring the composition, mass flow rate, and temperafxre 

of expired air. 

the oxygen consumption by human subjects could be determined using these 

measured data, thus establishing the f eas ib i l i t y  of this type of instnunen- 

ta t ion  f o r  obtaining t h i s  important physiological information 

These measurements w e e  made with the idea that ultimately 

Of four parameters t h a t  were measured, three of them were sensed In 8 

single compact Beckman Analyzer (P , PO2 and Temperature). The fourth 
% c 

measurement (mass flow rate) was measured b a Technology, Inc. Mass Flow 

Meter (Pneumotachometer) . Although only three parameters were sensed on 

the Beckman Uni t ,  it was capable of sensing four, the fourth being t o t a l  

pressure. 

t i v i ty ,  precluded the sensing of breath-to-breath variations i n  t o t a l  

The t o t a l  pressure sens i t iv i ty  of the uni t ,  o r  ra ther  insensi- 

pressure. 

The prototype analyzer was teste'd a t  sea leve l  and a t  25,OOO f e e t  si- 

mulated a l t i tude  i n  an a l t i tude chanber with human subdects a t  rest ,  and 

during moderate and heavy exercise on a powered treadmill. 

t h i s  tes t ing was to  evaluate the response character is t ics  and accuracy of 

the prototype analyzer and take i n i t i a l  steps i n  the determination of the 

f eas ib i l i t y  of the prototype device for eventual in-f l ight  ut i l izat ion.  

The purpose of 

"be a l t i tude  of 25,000 f e e t  was chosen to  simulate the cockpit pressuriza- 

t ion  leve l  of a f ighter  a i r c ra f t  and the work levels w e r e  chosen to produce 

respiratory ac t iv i ty  exhibited by t e s t  p i l o t s  flying experimental a i rc raf t .  

3 
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GENERAL SYSTEM DESCRIPTIOH 

The general layout of test apparatus i s  shown i n  schematic form in 

f igure 1. 

manifold by a standard MD-1 crew regulator f o r  both sea l eve l  and altitude 

mns. 

calibrated i n  liters), thence through the No. 1 o r  inspirat ion mass flow- 

meter and on t o  the subJect via a 3/4-inch flexible tube. 

of the inhaled oxygen showed minor variation as measured by a Yellow 

Springs Teletheromometer and generally remained between 7 2 O  

Breathing oxygen was supplied from the chamber oxygen storage 

Demand oxygen passed through a dry gas meter (American Standard, 

me temperature 

and 77°F. 

The subject breathed through a rubber spirometer mouthpiece and a noee 

clamp was u t i l i z e d  t o  prevent any leakage of respiratory gas from the nose. 

In i t i a l ly ,  a modified Sierra  oxygen mask as  supplied by Bec’nman with the 

analyzer was used, bu t  excessive leakage occurred around the mask periphery 

during respiratory ac t iv i ty  associated with heavy exercise. The mouth- 

piece minimizes leakage, although examination of test r e su l t s  indicates 

t h a t  i n  a few instances, leakage may have occurred around the mouthpiece. 

The mouthpiece was attached t o  a p las t ic  manifold block which contained 

one inhalation valve and two exhalation valves. 

thereby minimized and represented approximately 100 cc. 

quirements of the analyzer Cog sensor required a small bore 

through the analyzer (7/16 inch inside diameter). To prevent prohibit ively 

h i g h  exhalation resistance, 8 duplicate 7/16 Inch exhalation l ine  bypassing 

the analyzer was povided. Both l i nes  joined j u s t  upstream of the No. 2 

o r  expiration mass flowmeter. 

stream end of t h i s  flowneter. J u s t  past the No. 2 flowmeter was located 

a three-way diverter valve so that  exhaled gas could be directed e i the r  to 

the spirometer o r  t o  an e l ec t r i c  hygrometer. Because of space l imitations,  

Mouthpice dead space was 

%e opt ical  re- 

passage 

Another thexmlster was located a t  the doun- 

4 
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tse hygrometer was not u t i l i zed  during the a l t i t ude  runs, although all other 

apparatus, except for  the LB-15 and the recorders, were located i n  the 

chamber. 

Sample gas f o r  the LB-1s C02 analyzer was drawn off j u s t  upstream of 

the prototype analyzer and returned t o  the exhaled air  upstream of the Hoe 2 

flowmeter. (me LB-15 requires a sampling rate of approximately 300 cc/min. 

To prevent condensation of moisture i n  the exhalation l ines,  Ihermo- 

tape heaters were obtained and wrapped around these l ines  t o  an area Uown- 

stream of the No. 2 flowmeter. The heaters were supposedly thennostated 

t o  maintain the f lex ib le  tubing a t  100' t o  100'F, but  as seen from the re 

sul t s ,  much wider fluctuation was recorded. 

however, ocbk.  

Moisture condensation did not, 

Although the respirat ion analyzer was located as close to  the subJect's 

face as possible, approximately 18 inches of f lex ib le  tubing (Tygon) was 

necessary t o  

the treadmill. 

the hose support bracket of the treadmill  and, therefore, remained i n  the 

same re la t ive  position during a l l  t e s t  mns. 

were located adjacent t o  the analyzer'while the spirometer, signal condi- 

tioners, gas meter, and teletherometer were located on a stand i n  f ront  of 

the treadmill. 

apparatus during the course of the experimental program. 

provide the freedom of movement required while walking on 

The analyzer was firmly ins t a l l ed  on a shelf attached t o  

The two mass flowmeters 

Care w9s taken not t o  change the re la t ive  positions of any 

Power fo r  the respiration analyzer and the two mass flowmeters w a s  

(me LB-15 supplied by a controlled power supply providing 28 volts dc. 

analyzer, I?-3 oxygen analyzer, and a l l  recorders were operated with normal 

110 vol t  ac power. Sanborn hot s ty lus  recorder6 were u t i l i zed  for all 

pELXXUWterS. 

6 
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RESULTS 

Because of the large quantity of data col le ted and the limited scope 

of the contract, reduction of a l l  chta w a s  impossible. In order t o  provide 

the most meaningful sampling procedure, a decision had t o  be made as t o  

which data samples provided the most pert inent  Information. 

9, 12, and 13 w e r e  chosen for  the following reasons. 

the end of the 20-minute res t  phase and was chosen on the assumption that 

the subject was equilibrated at  this point and that the data would be very 

representative of the rest condition. 

minutes before the end and a t  the end of the 15-minute moderate exercise 

phase. 

moderate exercise. Samples 12 and 13 w e r e  taken f ive  minutes before the 

end and a t  the end of the 15-minute heavy exercise phase and w e =  chosen 

a s  being representative of respiratory response to  heavy exercise. 

Samples 5, 8, 

Sample 5 was taken a t  

Samples 8 and 9 were taken f i v e  

They were chosen as representative of the respiratory response t o  

A summary of test results derived from the chosen data samples i s  pre- 

sented i n  Table I. A l l  results w i t h  the exception of pressure transducer 

data are tabulated on this single  sheet t o  f a c i l i t a t e  comparative evalua- 

t i o n  of the variclus sensors. Results of the system check runs are l isted 

In Table V. 

7 
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DESCRIPTION OF TEE OPERATION OF THE TECHNOIOGY, INC., FLOWMETER 

me operation of the Technology Inc. mass flowmeter is based on the 

f a c t  t ha t  the amount of heat required t o  maintain a known temperature diPr  

ference across the boundary layer indicates the heat  transfer rate; this 

rate is a measure of the mass flow rate of the i lulde.  

The l inea r  mass flowmeter uses basical ly  thevsame sensing elenent a8 

i n  the X-15 instrumentation package, that is, a themis to r  operated i n  the 

self-heating region. Thermistors a re  res i s t ive  elements possessing a 

hi@ negative temperature coefficient and a voltage-versus-current charac- 

t e r i s t i c .  Hence, when sufficient current is drawn, considerable heat is 

developed within the thermistor, causing the resistance t o  decrease a t  a 

f a s t e r  rate than the current increases and, thereby, yielding a negative 

slope. m e  curve sh i f t s  upward with increased flow rates. 

occurs because the increased airflow effect ively increases the heat sinking 

capacity of the environment and car r ies  

heat the thermistor and decreases the resistance. Therefore, the use of 

a thermistor and sui table  allied electronics can produce a voltage output 

which is  analogous t o  the rate of flow of the gas. 

effect ,  is a flowmeter, but it lacks some of the character is t ics  essent ia l  

t o  a l i n e a r  flowmeter; for  the output is nonlinear and i s  dependent on the 

temperature of the gas. 

analog variable attenuator. As the voltage input increases, the attenua- 

t i o n  is decreased at certain specif ic  points. 

f o r  the s t ra ight- l ine segments preceding and following each of these points 

is controlled by using a second thermistor w h i c h  is not self-heated t o  any 

This sh i f t  

away h e a t  which would otherwise 

This arrangement, in 

These deficiencies are eliminated by using an 

The degree of attenuation 

9 
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extent. Therefore, t h i s  second thermistor reacts  only to the temperature 

of the gas and, thereby, provides compensation f o r  changes i n  gas tempera- 

ture. 

The function generator characterist ic is adjusted so that i t s  output 

is the inverse of the themistor sensing element output for a l inear ly  i n -  

creasing voltage input. 

ment is fed i n t o  the Function generator, the opposing nonlinearity of the 

function generator output has a cancelling e f f ec t  which causes a single 

l inear  output. 

the re la t ive ly  low input voltage t o  it, the output of the f’unction generator 

I s  too small f o r  most practical  applications and, consequently, necessitates 

the use o f  an amplifier. 

Hence, as the nonlinear output of the sensing c le -  

Because of the attenuation of the function generator and 

0 In  order t o  obtain flow rate on a recorder from the flowmeter the out- 

put of the mass flowmeters was adjusted a t  the recorder so that one mm of 

paper eqyaled 164 millivolts.  Because of the nature of the flowmeter aut- 

put, it was necessary t o  integrate the area under the curves over a period 

of one minute t o  get  an average voltage f o r  t h i s  period. lhis voltage was 

then converted t o  pounds of gas per minute. 

laws, conversion factors  were derived*to convert mass flow t o  liters per 

minute i n  accordance with f i p r e  5 which will be discussed later i n  the 

report. 

Based on the perfect gas 

10 
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DESCRIPTION OF' TElE OPERATION OF THE SPACELABS, INC. 
FIx)wMETER 

MODEL 210 GAS MASS 

The Spacelabs Mass Flowmeter i s  a flow transducer i n  which gas flow 

i s  accurately related to  a small amount of heat injected e lecr ica l ly  in to  

the f l u i d  across the w a l l  of the transducer tube. 

carried away by the f lu id  flow i s  a w e l l  established function of the mas6 

This heat which l e  

rate of flow of the f lu id  medium. 

a balance i s  established and maintained between the quantity of heat in- 

By means of electronic feedback control, 

jected and heat removed by the f l u i d  transport. 

produces an output voltage proportional t o  the quantity of heat  injected 

The electronic c i rcu i t  

and hence the mass flow rate. 

The operating principle of the flowmeter is depicted i n  figure 2. 

I l l u s t r a t ed  i s  a th in  w a l l  tube with temperature sensit ive resistance ele- 

ments wound around the outer diameter spaced ax ia l ly  apart  by a distance 

of about four diameters. The direction of flow is indicated by an arrow. 

Kound i n  intimate contact with the downstream temperature sensor is a low 

power heater element. The tube w a l l  material i s  high i n  thermal conducti- 

v i t y  i n  the region of the sensing elements. 

sensors, and on both ends, the w a l l  i s  constructed of material with good 

the mal insulating properties. 

Over short lengths between the 

. 
Ihe other par t  of the  flowmeter i s  a simple electronic controller 

qhich amplifies the unbalance s ignal  from a barn resistance bridge of 

which the two temperature sensing winding occupy two of the four positions. 

The bridge is so adjusted that  balance i s  achieved when the downstream 

sensor temperature is l 0 C  above the temperature of the upstream sensor. 

The amplified e r ror  signal controls with high gain the power input to  the 

heater located with the downstream sensor 80 as to maintain this l 0 C  

11 
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different ia l .  

measure of mass rate of flow. 

assumes quickly a small steady-state value j u s t  su f f i c i en t  t o  maintain the 

required 1 ° C  temperature d i f f e ren t i a l  i n  the face of losses  t o  the external 

ambient and t o  the stagnant in te rna l  gas. 

heater power rises t o  hang up the heat carr ied away downstream by the flow. 

This transported hea t  i s  a function of the mass rate of flow. 

f l can t  f ace t  of the heat  t ransfer  process i s  that the sensed temperature 

gradient between the temperature sensing elements e x i s t s  almost e n t i r e l y  

across the boundary layer  between the moving gas and the tube w a l l .  

I n  operation the, the power input t o  the hea ter  becomes a 

W i t h  zero f l o w  the heater power input 

I n  the presence of flow the 

'Ihe s lgnl-  
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COMPARISON OF DESIGLJ 

As indicated in the preceding paragraphs on flowmeter operation two 

flowmeters have been considered f o r  possible use i n  the respiratory 

analyzer system, the Technology, Inc. Model MFG-1012T w h i c h  w a s  used In 

the  t e s t  runs of Phase I, and the Spacelabs Model 210 which bas not used 

i n  the t e s t s  but  is designed t o  serve similar functions. 

model u n i t  was unavailable for t e s t s  any comparison of the two un i t s  must 

be on a theoretical  basis  only. Also, due to  the lack of Information con- 

sidered proprietary by both companies, only a very cursory evaluation could 

be made. However, the technical theory involved i n  m a k i n g  a rigorous heat 

t ransfer  analysis and evaluation of the boundary layer phenomenon has been 

reviewed and applied t o  each of the flowmeters. 

i n  the Appendix of t h i s  report. 

Since the latter 

This review may be fdund 

One of the subtle problems which has been revealed i n  the use of 

e i t h e r  of these flowmeters results from the unsteady t rans ien t  flow through 

the flowmeter due t o  the breathing cycle of the subJects. 

data taken during the Phase I t e s t s  indicates tha t  the volume flowrates 

were i n  a range of zero t o  80 LFM. 

Reynolds Number for  each flowmeter based on in te rna l  diameter of the flow 

passage (see figures 3 and 4) i t  can be seen that the flow character is t ics  

would be laminar, then turbulent, and then laminar again, with corresponding 

influences on the boundary layer and heat transfer.  

l amina r  t o  turbulent t o  laminar flow would affect the Spacelabs flowmeter 

by a hysteresis which according i s  Spacelabs 

evaluated as yet. Sucn flow characterjst ics may not a f fec t  t!!e Technology 

I n c .  flowmeter t o  RS great an extent since the thermistor beads u t i l i zed  

i n  t h i s  un i t  are located i n  the core of the flow vhere the boundary layer 

A review of the 

From a plot  of volume flowrate VI 

The t r a n s i t i o n  from 

Personnel, has not been fu l ly  

14 
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(hence velocity and thermal gradients) e f fec ts  around the smal l  beads are 

negligible compared w i t h  the thermal and velocity gradients i n  the core. 

An examination of the Tkchnology, Inc. flowmeter located on the ex- 

halation side of the system showed that considerable residue was deposited 

on the protective screen located i n  the u n i t  In le t .  

alter the flow of gas over the thermistor beads i n  an unknown way and pos- 

s ib ly  e f f ec t  the meter output. 

meters used i n  the Phase I tests indicated a 20 percent difference i n  out- 

put during f i n a l  closed system checks, w h i c h  could have been caused by the 

residue according t o  Technology, Inc. personnel. A discussion of the 

closed system checks may be found i n  a later section of this report. 

mese deposits would 

A test made of voltage output of both 

It is  not possible t o  make a f i n a l  recommendation as t o  which flow- 

meter (Spacelabs or  Technology, Inc.) should be used 

system a t  this time, due t o  the lack of def ini t ive information, particular-  

l y  on the Spacelabs flowmeter. It is  recommended that the follow-on respi- 

ra tory analyzer f eas ib i l i t y  studies should include a simultaneous e f f o r t  

t o  nake a laboratory study of the two flowmeters. This would include a 

cal ibrat ion of each uni t ,  a response time check, cyclic flows of saturated 

gas mixtures, and an e r ror  analysis based on the overal l  determination of 

f l o w  rate, The instmnent readout f o r  both meters should be digi t ized and 

integrated over given time i n t e r v a l s  ( i . e , ,  one minute, f i ve  minutes, e t c . )  

as desired f o r  the study. 

i n  the analyzer 
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a 
FLOWMETER CORRECTED CONVERSION FACTDRS 

In order t o  convert the mass flow rate data obtained from the Standar:! 

A i r  Calibration Curve f’urnished by the flowmeter manufacturer (figure 5 )  to 

corrected volume flow rates f o r  the real gases used, correct convertiion 

fac tors  had t o  be calculated. I 

a 

The correction fac tors  are based on the assumption that  100 percent 

oxygen i s  inhaled by the subject and that the expired gases consist  only 

of oxygen, carbon dioxide (ma), and water vapor. 

An examination of the ranges of data from the selected data shown in 

Table I are  as follows: 

Oxygen Partial Pressure (POJ 

m2 P a r t i a l  Pressure (~q) 

w) *Water Vapor Partial Pressure (P 
(By Difference) 

TABLE If 
BAROMETRIC PRESSURE MEASUREMENTS 

Run Number Inches Hg 
30.05 
30.02 

30.04 
29.98 
30.03 
29.96 
30.01 

30.02 

* See Table for  Barometric Pressures k a s u r e d  

Millimeters Hg 

763 
762 
763 
761 
762 
761 
762 
762 
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Inhalntion Gas Tamparatura hanga 
( A t  flowmeter) 

Exhalation Gae Tsmpsratura Range 
( A t  floumoter) 

72-78. F 

91-108' F 

For calauhtion of tbr aomated oomrrion furton the following aver- 

age v r lwr  wra wed; 

po2 - 675 mHg 

Tb inhrlrtion w, oxygen neob OILIY be aorscted for m r a t u r e ,  

molecular wight differanao fror sir am€ converted t o  l i t e r a  (28.3 Litsre/Ft3) 

theref ore for oxygen: 

% 28.3 
2 PAIr 

Corrected Conwrtrlon Factor 8 PO 1:- 

L m4.4 at 75' - - 
*Air %I$ 

S ,+5 14. x 144 = 0.0742 Lbrr/lPt3 
'Air 53. x 53 

The exhalation -us rurrt k correated for the mlxture average 

rpolecular wight, tcrpps~turoJ and aoawrolaa t o  Utero per minute: the average 

mlecular wel&t oi the &M mlxturr, 10 dotenrinnd frop the mole fraction of each 
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and 

Using average values irom data 

The density of the air at 100.F 

Therefore the corrected conversion fac tor  for the exhaled gases (Fk) 

- 31.71 28.3 
FGe - 29 0710 

= 435 

For the a l t i t ude  runs which were a t  approxbately the same temperature 

conditions only the  addition of the  pressure r a t i o  term is necessary for con- 

version of the a l t i t ude  (25,OOO f e e t )  runs. 

= - 29 92 x 435 u72 
‘Ge a t  25,000 F’t ll.10 

The corrected conversion factor  are also shown on the  cal ibrat ion curve 

of figure 5 0 

20 
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The deviation8 in the mass flowmeter readings converted t o  volume flow- 

ra tes  are shown in figures 6 and 7 f o r  sea level and a l t i t ude  runs. Although 

the deviations appear t o  be random in nature they are well within the  expected 

e r ro r  (except f o r  a few cases) i n  determining a flow measurement by p lanbet ry .  

Plantmetry was required i n  making an integration of the  flow t races  t o  determine 

a one minute awrage flow rate. contain the differences be- 

tween the flawmeters, gas meter and spirometer for both sea leve l  and a l t i t ude  

runs. 

cussed l a t e r  in the  report  under feas ib i l i ty .  

Table.111 and N 

The sigaificance of the  deviations in the  flowmeter reading will be dis- 

22 
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Run #3 B.M, 

5 - 2.2 

8 - 5.5 

9 - 3.7 
12 - 3.8 

13  - 4.6 
Run ifa, N.L. 

5 - 1.3 

0 + -9 

9 - 5.7 

12 - 2.1 

13 - 7.5 

Table I11 
SUMMARY OF FIx>w DXVIATIOB 

SEA LEVEL RUNS 

Run #l S.C. 

#l Flowmeter will be the Basic Nmkr (jf2 PlowPrter I s  Base) 

8 - 3.6 1.3 6.5 $ - - 3.1 
9 - 3.0 - .1 0*5 % - be6 

12 - 6.4 - e 4  1.8 $ - - 1-8 
13 - .2 - .2 1.0 $ - + 1.2 

+ .1 1.0 k + 
0 e 9  3.8 k 
- 1.9 8.0 $ - 
- .7 2.0 $ - 

0 o Q  

- 1.4 15.5 B - 
+ e 4  2.0 $ 4 

+ -9 3.0 e + 
+ e 0  3-0 $ + 

t .6 1.8 k + 

+ e 1  

- 1.6 
+ 4.6 

+ 2.3 
- 2.2 

0 

+ 1.8 
- 1.7 
= 1.6 

- 2.4 

I 
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0 

0 

Run fi J.K. 

#I Flowmeter-Gas Meter 
w 

- .45 5 

8 - 5.9 
. .  

9 - 6.1 
l2 - 5.9 

13 - 5.6 
Run f i  G.M. 

5 - 4.7 
0 0 

9 - 5.1 

13 - 8.3 
12 - 8.6 

Run #7 

5 
8 

9 
12 

13 

- 1.7 

- 4.0 
- 1.1 

- 4.9 
0 

- .6 

- 5.8 

- 4.9 
- 5.9 

* 5.5 

t e 0 5  

- 1.5 
0 

+ .2 
+ .4 

t .1 

+ 2.6 

+ .5 
t 1.2 

+ 1.0 

- .1 3 k -  
t *6 2.5 % + 
t -7 3.5 k + 
4 1.0 4.0 + 
+ .6 3.0 4 + 

w 
#2 FlamKterSpiKleaeter 

+ .8 

i .9 

0 

- .? 

- 2.6 

+ 1.1 
t 1.6 

+ 2.1 
+ 3.6 

+ 1.7 

0 

- 5.0 

- 2.0 
- 4.5 
- 1.8 

26 
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$ Deviation i n  Flowmeter corrected and converted flovrates. 

Where flowmeter No. 1 i s  the W e  

= Vol. Flow Rate Flowmeter No. 1, Litere/h. W 
fl 

VOL now Rate masmeter MO. 2, Liters/Min. 
wf2 

27 
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Table N 
SUMMARY OF F I x l W  DEVIATIOIUS 

25,000 FEET RUNS 

($1 Flowmeter will be the Basic Number) 

A U  
#l Flowmeter-Gas Meter 

R u ~  #9 BmMe 

5 1.4 

8 - 10.2 

9 - 4.6 

12 0 6.5 

13 - 3.5 
‘ 8  

R u n  #15 JeKe 

5 + 2.4 

8 - 6.2 

9 * 8.5 

12 - 5.4 

13 - 6.4 

9 - 3.0 

12 t 1.7 

13 - 1.3 

A U  
#1 Flomter#2 Flowmeter 

- e 3  

- .5 

- 03 

- 04 

- 04 

i 02 

- 1.1 
- .9 

- 04 

- e 4  

+ 02 
+ .6 

+ .1 

- 88 

- *3 

3.8 e * 
2.0 $ - 
1.5 e - 
1.5 e - 
1.5 e - 

3.6 $ + 
5.5 ss - 
3.6 ss - 
1.6 5 - 
1.6 - 

2.0 $4 + 
3.6 (b + 
0.5 $ + 

3.0 k - 
1.2 $ - 

(#2 Flowmeter is Bssic) 

A W  
#2 Flowmeterdpirowter 

- e 7  

- 1.9 
- 1.9 
0 1.7 

+ 02 

No D a t a  

- .4  

- -6 

c 2.6 

+ 1.8 
- .6 

28 
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W W 
#l Flowmeter-Gaa Meter #1 Flowmeter-#2 Flowmeter 

Run #17 

5 
8 

9 

12 

13 

Run #18 

5 
8 

9 

12 

13 

Run #l9 !VL 

5 
8 

9 
12 

13 

- 4.5 0 

- 3.2 4 .7 

- 5.6 0 

- 3.2 - .3 

- 3.3 - .2 

- 2.2 + .3 

- 2.9 - 0  

- 6.2 t .7 

- 3.2 + .2 

7- 3 - 1.5 

+ .3 t .1 

- 2.5 + .2 

- 1.8 - 1.1 
+ 1.6 - .4 

- 1.3 t .9 

0 4 - 0  

2.5 4 + 
0 $ 0  

1.1 4 - 
0.7 4 

3.5 k + 
0 $ -  

3.5 k + 
0.8 k t 
5.6 k - 

1.6 k + 
1.0 $ t 

5.0 Q - 
1.7 $ - 
3.5 Is + 

W 
jf2 Flowmeter-Gplrcmetcr 

+ .7 

+ 3.5 

t .8 

+ 5.5 
+ 2.5 

- 1.1 

0 .1 

- 1.2 

- 1.9 

- 2.0 

+ .2 

- 01 

+ 2.0 

+ 2.6 

+ 1.1 
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PERFECT GAS L A W  AFPLICATIOH 

i 

According t o  Reference 7 the perfect gas equation of state appliea 

( i n  theory) only for the condition when the pressure approaches zero. 

it has been sham tha t  t h i s  equation, 

However,  

H r U + W  

can be used w i t h  reasonably high accuracy whenever H o r  U (en tha lw o r  Internal 

energy) is  nearly a function of temperature only. 

fo r  any medium, is  defined on any diagram as that region in which the enthalpy 

and in te rna l  - energy lines are pa ra l l e l  t o  the  temperature lines, and it is in- 

me perfect - gas region, 

correct t o  use perfect - gas relationships except when t h i s  condition is close- 

ly approached. 

A check of the correction factors which indicate the  deviation from the perfect 

gas condition provides a c a p r a t i v e l y  simple means of checking the  application 

of the perfect gas l a w  t o  a given problem o r  condition. 

The use of these relationships introduces a negligible error. 

The deviation of a medium from t h e  perfect - gas condition is indicated 

by i t s  compressibility ( Z ) ,  which is determined from experhenta l  data subst i tuted 

i n  the  re la t ion  

W = r n  

or W 2 % -  Rr 

The compressibility fac tor  (2) has been plotted against  reduced pres- 

!.me with reduced temperature as a parameter. This  plot  (figure 8 ) which 

can be found i n  various form insnygdthermodynamics 

prence 7, is applicable t o  any gas through the Law of 

L a w  of corresponding States is t h a t  gases at the same 

tex t  book including Ref- 

Corresponding States. The 

reduced coordinates have 
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COEGPRESSIBILITY FACTORS (2) 
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GAS 

Oxygen 

Nitrogen 

Carbon Dioxide 

Water Vapor 

NA-65-22 

6 I 

CRITICAL PRESSURE CRITICAL r n I r n R A r n  
pr (==) T r  (OF) 

730.6 -181.8 

485 -232.8 

1071 87 

3206 . 2 705 34 

approximately the same properties. 

actual coordinate t o  the  cri t ical  value f o r  that coordinate, Thua 

The reduced coordinate is  the r a t io  of the  

,P - v  
re , P r o -  andV,- T 

Tr ;i;c PU 

Where subscripts r and c indicate reduced and c r i t i c a l  values respec- 

Usually Pr and Tr are used, since only two of the three elementary Coa t ively.  

ordinates are required t o  define the  state, 

The c r i t i c a l  values f o r  the gases of In te res t  i n  the inhalation and ex- 

halation of the t e s t  subjects are as followst 

The reduced t e m p r a t w e  Tr for oxygen was calculated in the following 

mnner: 

T, = I u@+?2 m 1.91 For assumed laboratory 
*C GO-=im3 temperature of 72'F 

The reduced pressure Pr for  oxygen was ralculated i n  t h e  following 

manner : 
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A summation uf-tZFTeduced pressures and temperatures, and corres- 

ponding values of (2) are shown i n  the following table: 

~ 

GAS REIXTCED PRESSURE REWCED TEMPERA'JUFE COMPRESSIBILITY 
FACZIDR (2) pr 

i 

1 

I '  

' I  

! 

Oxygen 
N i  trogen 

. 0201 
*o299 

Carbon Dioxide . 0137 
Water Vapor 0 0 0 4 6  

Gas Mixture . 0162 

1.91 

2.31 
0,973 
0.456 
1.52 

1 
1 

a 9 6  
95 

1 

The crit ical  temperature and pressure was calculated for  the gas mix- 

ture u t i l i z ing  the "KAY" method based on molal averaging. This technique 

i s  sat isfactory f o r  conditions which are far removed from the cr i t ical  

such as those which ex i s t  I n  the respiration analyzer system. 

C02, and H 0 vapor) expected i n  the re- 2' 2 For the three gas mixtures (0 

spired gases from the subdects 

(T ) . i s  the c r i t i c a l  temperature of the pure component 

(P ) 

c a  

c a  is the c r i t i c a l  pressure of the pure component a, etc., and 

ya i s  the mol f ract ion of component a, etc.  

on the conipressibility charts the same as the pure single gases. 

The gaseous mixture i s  handled 

The calculation of ( T  ) and (Pc)mix was made using the following c mix 
average data which approximates the conditions of the tests of Phase I. 

Total Pressure P T = 760 mm €Ig 

33 
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The reduced temperature l e  

T 
T -  460+ 72 1.52 For assumed laboratory 

350- 5 temperature of 72’~ 
Tr = - 0  

cmix 

m e  c r i t i c a l  pressure of the gas mixture is 

( P ~ ) ~ ~  = 909.8 PSU 

The reduced pressure is: 

P 14.7 
p m  909-9 Pr = - = - = 0,0162 

The value of ( Z )  determined from figure 8 and the computed values of 

indicate a close approximate to  1.0. (Trlrnix and (Prlmix 

It can readily be seen from the above calculations and table of data 

b a t  there w i l l  be very l i t t l e  e r ror  introduced i n  the use of the 

gas law fo r  computations regarding volume of mass flow ra t e s  of the con- 

perfect 

0 
s t i t uen t s  i n  the exhalation gases. This i s  particularly t rue  i n  l i gh t  

of the fact  that the carbon dioxide and the water vapor, only make up 

about 5 t o  6 percent each of the expired gases. 

31 
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The percentage of deviation i n  flow rates determined between the 

inhalation and exhalation mass flowmeters readings is ind i rec t ly  a veri-  

f i ca t ion  of the appl icabi l i ty  of the perfect-gas law. 

t ion  between the volume flow rates computed f o r  the two flowmeters is in 

The maxim devia- 

the order of plus or minus four percent. 

calculations made based on the perfect-gas law gives credence t o  the 

assumption. 

This apparent agreement w i t h  

35 
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The best  information available indicates that the present state-of-the- 

art In  the design of mase flow transducers precludes the development of a 

mass flow transducer which i s  completely impervious t o  the flow of %O 

vapor. 

pl icat ion of the perfect-gas l a w  shows tha t  i f  the moisture produced by the 

subJects remains i n  the vapor phase it may be t reated as any other gas with 

However, the previous section of the report  which concerns the ap 

regard t o  computations of mass flow r a t e  of the various constituents and 

i n  i t s  e f f ec t  on t h e  accuracy of the flow indicated by the flowmeter. 

As a resu l t  of poor f low rate data measured with the exhalation gases 

flowmeter during very ear ly  mns  i n  Phase I, a heater tape was wrapped 

around the exhalation l i n e s  and flowmeter i n  order t o  prevent condensation 

of water vapor pr ior  t o  the measurement of the mass flow rate .  

the closed system check lvns of Phase I as shown i n  Table V the heaters 

Again during 

were not u t i l i zed  and again large differences in inspiratory and expiratory 

flow data was indicatedby the meters. This discrepancy w a s  a t t r ibu ted  t o  

moisture condensation in the expiratory gas flowmeter. 

With regard t o  the effects  on the flowmeter indication of mass flow 

as  8 fbnctfon of the difference i n  thermal conductivity between water vapor 

and oxygen and nitrogen, it can be noted from figures 9 and 10 that  the 

thermal conductivity of carbon dioxide d i f f e r s  from oxygen and nitrogen . 

more than does the water vapor a t  essent ia l ly  body temperature. A l t h o u g h  

the carbon dioxide has 8 lower thermal conductivity its  p a r t i a l  pressure 

is measured and i t s  effects,  therefore, considerably more predictable than 

those of water vapor, whose quantity w i l l  vary t o  a greater degree, and i ts  

r 

si 
. .  

p a r t i a l  pressure is  not measured directly.  

36 
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The theoret ical  e f f ec t  o f  water vapor on the Spacelab's mass flowmeter 

has been determined by tha t  company f o r  maximum flow conditions f o r  the 

flowmeter and gases a t  99 percent r e l a t ive  humidlty. 

sented i n  figure 11 f o r  error  as a percent of f u l l  scale versus l i n e  

pressure. 

solute flow values i s  not s ignif icant ly  large. 

The resu l t s  a re  pra  

For sea leve l  conditions and l o w  temperatures the e r ro r s  i n  ab- 

i 
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One of the principal objectives of the overall  respiratory analyzer 

f eas ib i l i t y  s t u d y  i s  the determination of oxygen consumption. Accurate 

measurements of inspiratory and expiratory mass flow rates, pa r t i a lp ree -  

sures of oxygen, carbon dioxide, t o t a l  pressure, and temperatures of the 

inspiratory and expiratory gases, theoretically a re  suf f ic ien t  data f o r  

calculating oxygen consumption. 

The following method m a y  be used to  calculate oxygen consumption 

assuming that  the inspiratory gas i s  100 percent dry oxygen and the expira- 

tory gas consists of oxygen carbon dioxide, and water vapor, only. Any 

other gases are neg,ltpible. 

Ibe mass flow ra te  of inspired oxygen is  represented by (W ) and 
O2in 

the t o t a l  expired 'gas flow ra ted  by (WGOut). 

Where 

Wo2, Wm2, and W+o are the mass flow ra tes  of the individual con- 

s t i t uen t s  of the expired gas. 

If the volume flow ra te  i s  determined from the mass flow rate and a 

temperature measurenent of the t o t a l  expired gas, then the individual con- 

s t i t uen t s  may be determined from the par t ia l  pressure of each constituent 

and the to t a l  voluclc flow ra te  as indicated i n  the follo-ding relationships: 
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Also the following: 

For these relationships the p a r t i a l  pressure of the water vapor i s  

the difference between the t o t a l  pressure and the sum of the p a r t i a l  pres- 

sures of oxygen and carbon dioxide: 

The oxygen consumption is  the difference between the mass f l o w  of in- 

spired oxygen and the mass flow of oxygen expired, as follows: 

- W = Oxygen Consumed 
w02iIl 02 

The pr incipel  d i f f i cu l t i e s  i n  calculating oxygen consumption i n  this 

manner u t i l i z ing  the measured data is  due t o  the inaccuracy of determining 

the mass flow rates. The error i n  mass flow rate determination comes from 

two areas of interest ,  the meter inaccuracies (225) and from the planimeter 

work u t i l i zed  i n  the graphical integration of the flowmeter output da ta  

(d+$). 

ccnsunption is to  the  t o t a l  respiratory flow rate os shown i n  diagram of 

figure 2. 

f i jmeters  and other instrumentation may be found i n  the f e a s i b i l i t y  dis- 

cussion section of t h i s  repor t .  

The magnitude of t h i s  e r ror  i s  twice the percentage that the oxygen 

A complete error analysis showing the required accuracy of the 
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In order t o  compte the oxygen consumption based on the measured data 

of the Phase I tests cer ta in  assumptions were necessary because of the ran- 

dom deviations In  reading between the inspiratory and expiratory flowmetere, 

The basic assumption i s  tha t  the Inspiratory and expiratory volume flov 

rates are equal. 

An average value of the inspiratory and expiratory flowmeter calculated 

volume flow rates w a s  used f o r  calculating the oxygen consumption values 

shown i n  f igure 13. 

rates calculated are considerably higher than the "standard" data taken 

from the Journal of Applied Physiology. 

culated values as seen i n  figure 14 where the carbon dioxide 

rate i s  plotted against  oxygen consumption and compared t o  an average 

- '~02 fo r  an average respiratory quotient (R.Q.1. Calculations f o r  the 
W 

oxygen consumption a t  a l t i tude  were made i n  a s i m i l a r  manner and are pre- 

sented i n  f igures  15 and 16. 

runs. 

'Ibis was confirmed by physiological data i n  Referbnce 9. 

It can readi ly  be seen t h a t  the oxygen consumption 

Further doubt is cas t  on the cal- 

production 

02 

The re su l t s  are the same as fo r  the sea leve l  

Generally, oxygen consumption is  determined by the use of 2 spirometer 

i n  a "closed loop" system. 

the subject breathes in to  the closed system, oxygen is depleted i n  the 

spirometer 

systen: o r  i n  the spirometer i t se l f .  

expired gas is saturated so t ha t  there is only a small amount of water 

vapor increase i n  the expired gas. 

oxygen was inspired and saturated gas was expired. 

saturating the gas a t  body temperature was added during the respiratory 

cycle . 

The spirometer i s  fil1c.d with oxygen gas. As 

and the C02 produced i s  removed by a CO2 absorber within the 

The inspired gas i s  saturated and the 

In the tes t  setup of Phase I, dry 

All the moisture f o r  
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A diagram of the respiratory gas exchange is shown i n  f igure 17. 

Therefore, i n  an attempt t o  improve the calculation method the assumption 

was made that the inspiratory flow rate was less than the expiratory f l o w  

rate by an amant  equal to  the water vapor added i n  the respiratory cycle. 

The oxygen consumption was calculated and again plotted against respira- 

tory flow rate as shown i n  figure 18. Ihe R.Q. f o r  these calculations was 

assumed t o  be 1.0, where the volume of CO2 produced i s  equal t o  the volume 

of oxygen consumed. Although the assumptions introduce errors,  the agree- 

ment with standard data is considerably better.  

remains as t o  the va l id i ty  of the assumptions i n  view of the fac t  that the 

However, the question 

gas meter and spirometer checks of the flowmeter readings do not agree w i t h  

the flowmeters. 

and these are discussed i n  the section in Closed System Check Runs. 

Other "closed system" check zuns were made during Phase I1 

i 
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SYSTEM mIBII;fTY 

The evaluation of the Respiratory Analyzer System, the magnitude of 

the deviations i n  mass f l o w  measurements, the e r r o r  analysis as given in 

the la t te r  par t  of this section of the report, and the lack of a posit ive 

system check, a l l  tend t o  indicate that the f e a s i b i l i t y  of the system for 

determining oxygen consumption from direct measurements has not as yet 

been sa t i s fac tor i ly  proven. 

equipment w i l l  be necessary to  prove feas ib i l i ty .  

Further work including modifications ,to the 

Some of the areas,of in- 

52 

terest where improvements must be made are as follows: 

1. 

2. 

3. 

4. 

5 .  

The method by which the data is  u t l ized  t o  calculate oxygen 

consumption. 

The methods of data reduction (i.e., u t i l i za t ion  of machine 

programs and d i g i t a l  analogs, etc.) 

Modifications t o  the sensors and flowmeters. 

Addition of gas collection system such as Douglas Bags, 

f o r  system checkout. 

New approaches t o  the problem of measuring oxygen consumption 

under airborne conditions. 

The modifications t o  the equipment will consist  of reconditioning of 

the absolute pressure transducer so t ha t  small changes i n  t o t a l  pressure 

due t o  breathing: can be measured, reconditioning of the oxygen sensors and 

production of additional oxygen sensors, the replacement of the temperature 

transducer and modification of the breath c e l l  to  increase the cross- 

sectional area. 

accui-acy and noise reduction and increased sensing range to read frosn 0 

Ihe quali ty of the CO2 sensor s ignal  must be improved f o r  

to 80 mm Hg P . Also, i n  order t o  improve the qual i ty  of the data, it 
c02 
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w i l l  be necessary t o  modify the electronic  s ignal  conditioning equipment 

t o  allow f o r  s ign i f icant  zero o f f s e t  and scale  expansion f o r  both the 

oxygen channel and the absolute pressure channel. 

A correction fac tor  fc* the CO p a r t i a l  pressure f o r  the altitude 2 

condition which is not  fully understood, although the phenomenon has been 

measured, has been labeled "Pressure Broadenid  by Beckman, Inc. Scient is ts .  

A curve of the instrument output versus partial  pressure of Cog as shown 

i n  f igure  19 indicates  the e f f e c t  of this phenomenon on s igna l  output. 

n r t h e r  study i s  required t o  better understand th i s  effect and the appli-  

cation of correction fac tors  t o  the data taken. 

If the oxygen consumption by the human subjects is  t o  be calculated 

by the difference i n  the mass flow of inspired oxygen and mass f l a w  of ex- 

pired oxygen and other  data such as the partial pressure of expired oxygen, 

t o  within 20 percent accuracies, then the measured data must f a l l  within 

the necessary accuracy tolerances as determined by the following e r ro r  

analysis . 
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ERROR ANALYSIS OF 

General 

Intaker 

Pure 02 at 

Pressure 

Temperature 

INC.  / 10s ANGELES D l V l S l O l  

RESPIRATION ANALYZER 

NA-65-22 

output: 

Gaseous mixture of 02, 

pressure p2 

T2 

Mass Flow Rate %? 

v2 

Temperature 

Volumetric Flow Rate 

b I 

Mass Flow Rate M1 \ -  - - 0 '  

\t 
uptake: 

G - = F a r t i a l  pressure 02 Po2 
Mass ui;take . 

Partial Pressure 0 2  rate U P 
. co2 

Measured quantities used in  calculations: 

Desired quantity: 

W 

pH20 partial pressure H20 

Mass Fraction 02 y02. 

Average 4 

Constants: 

yJo2 - 32, &I* * 4-4, mH&) = 18 

Conservation of mass (assuming steady flow): 

0% - Molecular - Weight) - 
2 
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1 

Define r I uJMl 
Then 

32 po2 + 44 pm2 + 18 (p2 - pO2 - pW2) %? 32%2 6' 1 - f  

EFFECT OF MEASUREMENT ERROR3 

In following, assume there are no errors other than that being examined, 

[ indicates absolute value of fractional. error. 

a) Mass-flowmeter errors 

b) Effluent-pressure error 

r 56 
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Parameters t 

(1-f) - 

* E 0 2  

02 

1 -l -l 
-. 32-18 % (14 1-11 32 5 

(the above imply f m 0.03) 

a) !.?ass flow error 
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b) Pr error 

a )  pm2error 

24 41 
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It i s  clearly shown i n  f igure  20 tha t  the accuracy required f o r  the 

measurement of the mass flow rates far exceeds the accuracy s ta ted  by the 

manufacturer of the flowmeter (22 percent). This accuracy l imitat ion when 

coupled with a planimeter method of data integration which has an error of 

i4 percent simply indicates that this method of computing oxygen consump- 

t ion  (by difference) i s  impractical. 

Digital  Analog and Machine Program Techniques, but these w i l l  not improve 

the meter accuracy t o  within the required l i m i t s .  Other methods f o r  u t i -  

l i z ing  the measured data to  determine oxygen consumption must be developed. 

I 

Data Processing can be impraved by 
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used t o  calculate oxygen consumption whereby a known o r  assumed R.Q. I s  

used. 

rate of expiratory gases. The accuracy range within f2 percent and machine 

techniques of data handling w i l l  provide the necessary overal l  accuracy f o r  

Such a system w o u l d  u t i l i z e  one flowmeter t o  measure the mass flow 

NORTH A M E R I C A N  AVIATION. INC.  / 10s ANGELES O l V l S l O l  NA-65-22 

SYSTEM PACKAGING 

A t  the present t h e  it is not possible t o  make any final recammenda- 

t ions f o r  system packaging since the number of Components for the system 

has not been fixed. While the flowmeter mass flow measuring accuracy pre- 

cludes the determination of oxygen consumption by the difference i n  inspi-  

ratory and expiratory mass flows r a t e s  of oxygen, the number of flowmetere 

necessary i n  the system has yet t o  be determined. 

appear t ha t  only one flowmeter w i l l  be necessary i f  other techniques are 

However, it would 

flow rate determination. 

North Amerfcan Aviation, Inc. w i l l  work w i t h  Beckman, Inc. to  develop 

a minimum s i ze  and weight package when the f eas ib i l i t y  of the analyzer 

system has been proven and the number of components fixed. 

w i l l  be t o  assemble a l l  of the components i n to  a single package f o r  easy 

ins ta l la t ion  and removal f o r  maintenance and/or replacement of individual 

components. 

The objective 
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percent difference, which is indicative of one or  both meters malfinction. 

CIDSED SYSTEM TESTS OF PHASE I1 

I n  an e f f o r t  t o  check the Prototype Respiratory Analyzer System# in 

addition t o  the check runs of Phase I, additional "Closed System" runs were 

made during Phase I1 f o r  the basal o r  rest 'condition. 

w a s  arranged as shown i n  the schematic diagram of f igure  21. 

The test equipment 

Test Procedure 

Subjects were seated i n  reclining chair and preoxygenated on 100 per- 

cent O2 f o r  30 minutes to  eliminate a l l  pulmonary and some t i ssue  nitrogen. 

During this time, O2 and o02 sensors were calibrated, thermal tape heaters 

were turned on and the spirometer flushed and f i l l ed  w i t h  100 percent Os. 

I 

Subjects then moved t o  a hospital  bed and assumed a supine position while 

breathing 100 percent O2 from a portable oxygen source. 

breath and transferred from O2 mask t o  spirometer mouthpiece. 

meter recording motor was s tar ted and traces were recorded continuously 

dur ing  the test period. 

recorded for  periods of one minute a t  f ive  minute intervals.  

continued f o r  periods of 20-30 minutes. 

%e resu l t s  of the tests were 

Subjects then  held 

Ihe spiro- 

Cog, 02, inspiratory flow and expiratory flow were 

Tests were 

inconclusive due t o  problems with the 

prototype equipment. 

at, the conclusion of the tests,  (when the flowmeters were connected i n  

ser ies  and the same flow of gas passed through both meters) showed a 20 

A check of the voltage output from the mass flowmeters 

1%. 

LOO to 150 mm Hg, as shown i n  Table V I .  

The readings of the pa r t i a l  pressure of oxygen were a l l  too low by 

In i t i a l ly ,  it was thought that a 

large portion of this error  was due t o  the p a r t i a l  pressure of nitrogen be- 

cause the subdects had not been completely denitrogenated. Bowever, a 
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check of the data shown i n  f igure  22 indicated t h a t  only a very s m a l l  

quantity of nitrogen would be liberated during the 20-minute run because 

of the oxygen prebreathing which had been accomplished pr ior  to  the tes t  

run. The basic error w a s  then  assumed t o  be caused by a malfunctioning i n  

the partial pressure sensing equipment. 

The data taken with the spirometer w a s  used t o  determine minute 

volume, tidal volume, respiratory flow rate, and oxygen consumption. A 

plo t  of oxygen consumption versus time i s  shown i n  figure 23 for three t e s t  

subjects. 

respired gases was made t o  obtain the mass flow rate which would agree 

A calculation of the required p a r t i a l  pressure of oxygen i n  the 

wl€h the spirometer data. 

detennined and found t o  agree very closely w i t h  the  Pco2 which was measured 

me corresponding partial pressure of CO was 2 

during the test runs. 
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As an i l l u s t r a t ion  of an ind i rec t  method of compting oxygen consump- 

The spirometer Data t ion  data is selected from €?un No. 4 (SubJect G. M.). 

yielded a minute volume of 7.5 Liters/Minute. Oxygen consumption based on 

the Spirometer was 280 CC/Mlnute BWS, or  250 CC/Minute STPD. 

rate of expired gases determined from the flowmeter was 7.38 Idters/Mlnute. 

The measured value of Pm2 by the Beclunan Sensor was 29 mm Hg. 

The flow I 

From the ratio of the pa r t i a l  pressure of C02 and the to ta l  pressure, 

u t i l i z i n g  an assumed R.Q. 

is  calculated. 

of 0.82 f o r  res t ing conditions the O2 consumed 

O2 Consumed = x 7380 x .82 

Percent Deviation from Spirometer Date 

250-231 

2 

x 100 = 19 x 100 - 85 Deviation 
25OC231 5m 
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RECOMMENDATIONS FOR FURTEER RESEARCH 'Kl DETEZMDE FEASIBILITY 

The follow-on research work recommended within t h i s  report  section is 

commensurate w i t h  the  areas discussed i n  the sect ion on Feasibi l i ty .  These 

recommendations w i l l  be Further amplified i n  an unsol ic i ted proposal t o  do 

follow-on work t o  determine the f e a s i b i l i t y  of the respiratory analyzer t o  

yield data fromhich oxygen consumption by the human subjects can be deter- 

mined. 

Th e recommendations f o r  the follow-on program, f o r  improvements t o  

the equipment and f o r  data processing and in te rpre ta t ion  are as follows: 

1. 

2. 

! *  

Flowmeters : 

Laboratory comparison of the Technology, Inc. Flowmeter and 

the Spacelabs, Inc. Flowmeter t o  determine which meter has 

the best poten t ia l  advantages t o  the  system. 

Run a flow check on each meter t o  obtain an accurate ca l i -  

brat ion curve - Do this with r e a l  gases, with varying hu- 

midity levels  (o-~W) 

Check Response Time during cal ibrat ion with cycl ic  flow rates.  

PT, Temperature Sensor by Beckman 

Expand the range of the scale on the oxygen p a r t i a l  pressure 

and t o t a l  pressure channels. 

pea, pco,, 

Lricrease breath-cell  cross-sectional area t o  a l l ev ia t e  

r e s t r i c t ion  t o  expired gas flow. 

A3dition of "Douglas Bags" t o  co l lec t  expired gases f o r  

R t i a u S i S  of expired gases to  check sensors. 
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4. Modification of system t o  a closed system t o  check methods 

of determining oxygen consumption. 

Develop methods of determining oxygen consumption from data 5 .  

taken and estimates of maximum er ror  i n  using these methods. 

6 .  Develop machine programs and u t i l i z e  d i g i t a l  methods f o r  data 

handling t o  increase accuracy and efficiency. 

7. Investigation of other ways of determining oxygen consumption 

by human subjects considering application t o  airborne systems. 
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CONCLUSIONS 

The conclusions presented here as a r e su l t  of the lhcrmodynamlc 

Analysis of the Respiration Analyzer differ slightly from those presented 

i n  the Phase I Final Report i n  t ha t  the emphasis has been directed toward 

the goal of determining oxygen consumption rather than an indication of 

t o t a l  respiratory function. Also, several important fac tors  considering 

the method of approach and design of the system w e r e  brought out during 

the Phase I1 program which were not apparent during the first phase. 

The important conclusions are : 

1. This is the first  time that breath-by-breath analysis of 

expired air has been accomplished with such rapid responee 

instrumentation. 

I '  

2. It has been determined tha t  axygen consumption by measure- 

ment of the mass flow of inspired oxygen and mass flow of 

expired gas differences is not as yet  feasible  because of 

state-of-the-art inaccuracies of measurement. 

3. The accuracy required t o  determine oxygen consumption by 

d i rec t  differences i n  mass flow measurement, P 

has been determined. 

ALthough the analyzer gives sat isfactory indication of the 

t o t a l  respiratory function, improvements are indicated which 

w i l l  improve t h i s  abi l i ty .  

The application of the "Perfect-Gas" l a w  f o r  the pressure and 

temperature ranges involved i n  t h i s  work, i s  considered 

satisfactory.  

, Po*, etc., 
co2 

4. 

5 .  
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6. Sufficient information has been obtained t o  show the need 

for  maintaining a heated ( ideal ly  isothermal) s i tua t ion  frcm 

the subject t o  a point downstream of the exhalation flowmeter. 

The r e su l t s  of the analysis t o  compare the Spacelabs and 7. 
Technology, Inc. Mass Flowmeter i s  inconclusive as to  whicb 

flowmeter is most applicable t o  t h e  analyzer system. How- 

ever, both flowmeters should be calibrated with saturated 

gases simulating human expiration gases i n  a manner s i m l a t i n g  

the breathing cycle. 

The work accomplished during Phase I and Phase 11 In studying 

the f e a s i b i l i t y  of the respiration analyzer yielded much 

8. 

valuable information by way of giving direction to the 

follow-on work that is necessary t o  a t t a i n  the desired goal. 

73 
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SPACELABS GAS MASS ITOWMETER 

Equations of Motion of a Viscous Fluid 
t 

The continuity equation is given by 

The vector 5: =pv is cal led the mass flux density. Its direct ion is  t ha t  of 

the motion of the  f l u i d  while i t s  magnitude equals the mass of fluid flowing i n  

unit  time through unit  area perpendicular t o  the  velocity. 

The momentum equation is given by 

where the tensor q k i s  defined as 

t o  see the  meaning of (2), we can integrate over scme volume: 

:'he in tegra l  on the r igh t  is transformed in to  a surface in tegra l  by C=en*s 

fctrr:iula ( the  surface element dSl is  replaced by the operator dv* - and applied 

over the whole of the integrand) 

d 
axi 
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i 
The lef t  hand side of (3) is the  rate of change of the  i - component of t he  Iho- 

mentum contained i n  the volume. The surface in tegra l  on the right is therefore 

the amount of momentum flowing out through t h e  bounding surface i n  unit t i m e ,  
' 

'Thus, q ~ i s  the momentum flux density tensor. L 

I 
The equation of motion of a viscous fluid is obtained'by adding t o  the 

"ideal" momentum flux, a term -&which gives the t l v i s c ~ ~ "  transfer of momen- 
I 

t u m  i n  the  f luid.  The momentum flux density tensor i n  a viscous f l u i d  becomes 

The tensor 

1 0 is  called the stress tensor and GK the viscosi ty  stress tensor. 

I 
It is usual practice t o  define 6~ i n  terms of a viscosity coefficient,  

/,, and add t o  the  right hand side of the Euler equation t o  obtain 

f [ % ( 7 - y o d ) ] =  at - g r o d ~ + ~ A D f ( P + i / u ) ( 5 )  3 

c p d  d / v  V 

for  an incompressible f luid,  dlv-0. Thus the equation motic?n f o r  an incompi-es- 

sible f luid are 

where 

is t h e  la;..ilcion operator. a 
77 
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I 

ENERGY DISSIPATION 

The presence of viscosity results in the dissipation of energy, which is 

transformed into heat. 
I 

The total  kinetic energy of an incompressible fluid is 

If we take the time derivative of this energy, writing 

dUi 
at ’ i  

and substituting for - the expression for it given by the Navier-Stakes 

equation (6). 

The result is 

I 

=-Y(?*?rad) (Lv2+ E) t d  / v  (- v .  4) 
du,’ 2 P 

- - /  I 
where u- denotes the vector whose components are 5~ - 
d l V  U = O  for  an incampressible f lu id ,  we can write the first term 

Since 

on the 
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, 
The expression i n  the brackets is the  energy f lux  density i n  the fluid. 

tern, u. 
The - -1  , is the energy flux due t o  in te rna l  f r ic t ion.  

i 

I 

I 

If EquaAAon (8) is integrated over some volume V, we obtain 

The first  term on the  right gives the rate of change of k ine t ic  energy of 

the fluid i n  V due t o  the  energy flux through the  surface bounding V. 

tegral  i n  the second term is consequently the decrease per uni t  time in .k ine t ic  

energy due t o  dissipation. 

The in- 

If the integration i s  extended to the whole volume of fluid, the surface 

in tegra l  vanishes (since the velocity vanishes at inf in i ty)  and the energy dis- 

sipated per uni t  of time is: 

/ 

For incompressible f luids  t h e  tensor big is given by 

Thus the  energy d i s s i p t i o n  becomes 
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For a circular  pipe with t h e  origin at the center and using polar coordinates, 

we have by symmetry Y = v ( r ) .  Using the  expression f o r  the Lapcrcian in polar 

coordinates , we have 
A P  - -  ' / r d u \ = -  

Integration yie Ids 

t h e  constant a m u s t  be zero since the velocity must remain f i n i t e  a t  t h e  center 

NORTH AMERICAN AVIATION. INC.  / 10s ANGELES D l V l S l O l  

NA-65-22 

F L Q W I I ' i A m  

Take the axis of the  pipe as the X-axis. The fluid velocity i s  along the 

X - a x i s  as a f'unction of y and z only. The equation of continuity is sa t i s f ied  
l I 

identically, while the y and z components of the  Navier-Stokes equation give a *  

d v  at - 
Le., the pressure is constant over the cro~s- - d P  - 0, - -  - d P  

section of the pipe. The X-component of Equation (6) gives 

P 
d2V + d v l  1 dP (12) - - -  

I 

where A P  If the pressure is constant, we can write the  gradient as - h P  
L 

- p d X  Y' a z  

is the pressure difference between the ends of the  pipe and L is  the length of 

the  pipe. 

The velocity dis t r ibut ion i n  the pipe is determined by a two-dimensional 

equation of the  fonn 
2 

i i v '=  C O N S X  

I 

of the pipe. 
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The constant b is determined by the f a c t  that v = 0 when r = R, where R is 

the  radiue of the  pipe. The velocity d is t r ibu t ion  becumerr 

* .  
The mass flow m is determined by the  f a c t  t ha t  a ma88 

j ' .  z7irrvdzr 
passes each second through an annular element 2 Vrdr of the cross-sectional 

area. Therefore, R 
m = ,,,/ r v d r  

(13) 0 

. .  
8 U L  

where 
t r =  

TREIiMAL CONDUCTION 

For an ideal fluid, the conservation of energy was given by Equation (6) 

where = in te rna l  energy per un i t  mass and w i s  the fluid enthalpy 

dLu = T d s  +(+)dp 
with s gent ropy  per unit  mass. l%e term on t he  left  i s  the rate of change of 

energy i n  unit  volume of f lu id  and the  term on the  r ight  is the divergence of 
2 

-_  

the  energy f lux density. Besides the flux p e(+ v +A) due t o  t rans-  

fer of mass by motilon of the f l u i d  there i s  a lso  t h e  flux due t o  in te rna l  f r l c -  

tion. If the temperature of the f l a id  is not constant,throughout i ts  volume, 
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there  w i l l  be 

The heat 

an energy t ransfer  by heat called the& conduction. 

f lux  $ is given by 

9 = - K  grad T (15) , 

where k i s  called the thermal conductivity. The t o t a l  energy flux is  thereforc 

If t h i s  equation is combined with the  Navier-Stokes Equation ( 8 )  

equation of heat t ransfer  is obtained 

the general 

l%e quantity d 5 fdt gives the rate  of change of entropy of a uni t  mass of fluid 

and T ds/dt is the quantity of heat gained by t h i s  mass in uni t  time so that 

Y T  ds/dt is the quantity of heat gained per uni t  volume. The amount of heat 

gairied by unit  volume of f lu id  is therefore 

The first term is the energy dissipated in to  heat by viscosity and the  second 

is t he  heat conducted in to  the voltme of f lu id .  

The general equation of thermal conduction (17) can be simplified for an 

incompressible fluid 

. 
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dS 
37- 0 

and since T (-) is by defini t ion the specif ic  heat, Cp, we obtain 

Equation (17) become6 

Expnding the term d& ' zM as i n  Equation (11) and defining 

Equation (18) becames 

It is  convenient t o  introduce several dimensionless parameters 

Heat Transfer Coefficient, a = - 9 
7; -70 - a L  - 

K 
Nusselt Number, NL - - - 
Stanton Number, sr = NtL - ar 

THE BOUNDARY LAYER 

It i s  well known that viscosity dissipation e f fec ts  take place in  a very 

The t h i n  layer  adjoining the wall. 

n a t u z  of t h e  boundary, laminar or turbulent, depends upon the disturbances in 

This layer is  called t h e  boundary layer. 

the  boundary layer. In  a laminar boundary layer, the f luid par t ic les  flow in 

83 



I NORTH A M E R I C A N  AVIATION, INC.  / LOS ANGELES OlVlSlON 

NA-65-22 
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I 

I 

an orderly fashion i n  smooth lamina. 

is characterized by "turbulent bursts" or disturbances. 

In contrast, tne  turbulent boundary layer 

Eaomentum change is by 

Ixacroscopic transport  and so the f lu id  par t ic les  no longer flow i n  lamina but 

move i n  a "jagged" - nonuniform m e r .  Thus, the  processes of heat transfer 

i n  laminar and i n  turbulent flow are fundmentally different.  

I 

I 

For laminar flow the equations of motion (6) and (20)  give 

I On t he  right hand side, the  derivative 
a2T 
dyZ d 2 r  < <  

d X 2  

and can be dropped since gradients across the boundary layer  are larger  than an 

AXIAL GRADIENT. 

If the Praadtl  Number is on the order of unity, then the  order of magnitudes 

of the boundary layer  thickness and the t h e m 1  boundary layer  w i l l  be t h e  same 

is 
a7- 

9 =--K--- dr  and w i l l  be inversely purportioml toip<. The heat flux 

equal, i n  order of magnitude, TO K (T- G ) / 6  I!cnco4 and therefore 

the Nusselt Number, a re  purportiona3 t o  a I't follows that the heat trans- 

f e r  coefficient d is  inversely purportional to the square root of the dimension 

L of the pipe. 

To determine the temperature dis t r ibut ion i n  a f lu id  moving i n  Poiseuille 

flow along a pipe when the temperature of the w a l l s  varies l inear ly  along the 

pipe we assume that t h e  conditions of the flow are the same at every cross-section 
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of the  pipe, and take t h e  temperature dis t r ibut ion i n  the tom 

I - A t  + f ( r )  
where AZ is the wall temperature. We use cylindrical  coordinates with the Z- 

axis along the axis of the  pipe. 
I 

The velocity is given by Equation (12) and (13). 

solution is 

The heat flux is 

Writing (24) i n  t e r n  of & using Equation (13) yields 

= C p R &  ( roisevi l le  Flow) ( 2 5 )  4c 
Hence, the hea t  flux,q, is  seen t o  be pw=portional t o  the mass flow rate, 

It follows t h a t  for a different  
. 

m, the specific heat, cp, and the  pipe r.ac?ius. 

veloci ty  dis t r ibut ion and/or temperatu1.e distribution, the heat flux will have 

a different  dependency on mass flux. 

pendency w i l l  be a function of the nature of t he  boundary layer, i.e. laminar or 

It also follows t h a t  t h i s  mass f lux  de- 
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In the  design of a mass flowmeter, one would have t o  know the  nature of tho 

veloci ty  and thermal distributions i n  order t o  determine the  relationship between 

mass flux and heat flux. Reference (2) assumes a f'ully developed pipe flow and 

then applies an empirical correlation of experimental data f o r  the Nusselt Number 

t o  determine mass flux as a function of heat flux. This technique is inaccurate 

when applied t o  b imedica l  measuranents since the breathing process is highly 

t rans ien t  in nature and it is doubtful if' fully developed flow is ever developed 

in the breathing tube. Therefore, it is doubtful if the equations and procehure 

of Reference 2 could be used t o  accurately determine mass flow ra tes  f o r  bio- 

medical purposes. 

86 
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TECHNOLOGY INCORPORATED P."mCHOMETER 
! i  

The mass flowmeter of Reference 3 is based on the use a thenuistor operates 

in  the self-heating region. 

electrical properties between those of conductors and insulators. 

of thermistors varies rapidly with temperature which suggests an obvious use as 

Thermistors are a class of semiconductors, having 

The resistacce 

a temperature measuring device. 

which approximates the resistance of a thermistor as a function The equation 

of temperature is 

where 

Thermistor resistance at temperature T degrees. 

Thermistor resistance as temperature becomes infinite 

Work function 

R, = 

P =  

The work function is expressed as 

(3 - + where 

E - Electron volt energy level 
K - Boltzmann's congtant 

( 8 . 6 2 5  X to' eV'K) 

A .  voltage is applied to the thermistor heat is developed and according to 

Equation (1) the resistance decreases. 

and eqosed to several. different airflows, the variation of volts with current 

would vary so as to fonn a family of curves with airflow as a parameter. 

If the thermistor is irrwrsed i n  8 tube 

Thus, 
* 

1 
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vo l t s  applied t o  the thermistor can be interpreted as a flowmeter, pm- 

viding sui table  electronics i s  used t o  in te rpre t  the voltage output. 

Reference 3 uses a function generator t o  shape the thermistor output. 

me degree of success of using therm s to r s  as flowmeters depends 

en t i r e ly  on electronic shaping of the thermistor output. From the f l u i d  

dynamic standpoint, the thermistor bead, being immersed i n  the core of the 

pipe flow, w i l l  respond to  the conditions of the flow. 

small, any boundary layer and hence thermal and velocity gradients measured 

i n  the core. Of course, the thermistor only detects  flow conditions a t  the 

Since the bead is 

location of the thermistor. This f a c t  allows the thermistor t o  be located 

a t  the "most probable" location f o r  mean flow. If there i s  some question 

as t o  the location f o r  mean flow, two or  more thermistors could be used 

and their output integrated as the root-mean-square t o  determine average 

output. 

In  conclusion, the system designed by Technology Incorporated does 

riot have the f lu id  mechanic problems of Reference 2 and by v i r ture  of the 

nature of thermistors appears t o  be much more f lex ib le  i n  operation and 

more compatible with measuring t ransient  mass flows. 

i 
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